MICROBIOLOGY 



REVIEW ARTICLE 

published: 05 May 2014 
doi: 10.3389/fmicb. 2014. 00203 



The microbial contribution to nnacroecology 

Albert Barberan^ *, Emilio O. Casamayor^ and Noah Fierer^-^ 

' Cooperative Institute for Research in Environmental Sciences, University of Colorado, Boulder, CO, USA 

' Biogeodynamics and Biodiversity Group, Department of Continental Ecology, Center for Advanced Studies of Blanes - Spanish Council for Research ICSICj, 
Blanes, Spain 

^ Department of Ecology and Evolutionary Biology, University of Colorado, Boulder, CO, USA 



Edited by: 

Ludmila Chistoserdova, University of 
Washington, USA 

Reviewed by: 

Awdhesh Kalia, University of Texas - 
MD Anderson Cancer Center, USA 
Sascha M. B. Krause, University of 
Washington, USA 

*Correspondence: 

Albert Barberan, Cooperative Institute 
for Research in Environmental 
Sciences, University of Colorado, UCB 
216, Boulder, CO 80309-0216, USA 
e-mail: albert.barberan@colorado.edu 



There has been a recent explosion of research within the field of microbial ecology 
that has been fueled, in part, by methodological improvements that make it feasible 
to characterize microbial communities to an extent that was inconceivable only a few 
years ago. Furthermore, there is increasing recognition within the field of ecology that 
microorganisms play a critical role in the health of organisms and ecosystems. Despite 
these developments, an important gap still persists between the theoretical framework of 
macroecology and microbial ecology. We highlight two idiosyncrasies of microorganisms 
that are fundamental to understanding macroecological patterns and their mechanistic 
dhvers. First, high dispersal rates provide novel opportunities to test the relative importance 
of niche, stochastic, and historical processes in structuring biological communities. Second, 
high speciation rates potentially lead to the convergence of ecological and evolutionary 
time scales. After reviewing these unique aspects, we discuss strategies for improving 
the conceptual integration of microbes into macroecology. As examples, we discuss the 
use of phylogenetic ecology as an integrative approach to explore patterns across the 
tree of life. Then we demonstrate how two general theories of biodiversity (i.e., the 
recently developed theory of stochastic geometry and the neutral theory) can be adapted 
to microorganisms. We demonstrate how conceptual models that integrate evolutionary 
and ecological mechanisms can contribute to the unification of microbial ecology and 
macroecology. 

Keywords: macroecology, microbial ecology, dispersal, speciation, stochastic geometry, neutral tlieory 



INTRODUCTION 

Many of the important concepts driving both the theory and 
practice of ecological research were developed without explicit 
consideration of microorganisms, which represent the bulk of 
the phylogenetic and functional diversity on Earth. This omis- 
sion is likely a consequence of the methodological difficulties 
associated with observing microbes in nature, and a product of 
the very different historical paths followed by the disciplines of 
microbiology and general ecology (Jessup etal, 2004; Prosser 
etal, 2007). WhQe plant and animal ecologists have tradition- 
ally been influenced by more theoretical and holistic perspectives 
(Margalef, 1963), environmental microbiology, and microbial 
ecology have often relied on more reductionist experimental 
approaches (O'MaUey and Dupre, 2007; Prosser etal., 2007). 
As suggested by O'MaUey and Dupre (2007), an excessive focus 
on "macro"-organisms (i.e., plants and animals) may have dis- 
torted several basic aspects of our view of organismal ecology. 
With an ever-growing body of research focused on microbial 
ecology and biogeography (Martiny etal., 2006; Fierer, 2008; 
Hanson etal, 2012; Soininen, 2012), it is important to under- 
stand if the underlying ecological dynamics of plant and animal 
communities are fundamentally distinct from those observed in 
microbial communities. With the advent of DNA- and RNA- 
based techniques, microbial ecologists have been able to describe 
microbial diversity to an extent that was unimaginable only a 



few years ago (Curtis etal, 2006), and are now able to investi- 
gate the distribution of microorganisms in the environment and 
acquire detailed information on the phylogenetic and functional 
characteristics of microbial communities (Handelsman, 2004). 
Unfortunately, the rate of information collection by molecular 
techniques is far outpacing the rate at which researchers can 
properly analyze and interpret the data in an ecological con- 
text. Hence, in order to increase the understanding of highly 
diverse microbial communities embedded in a complex envi- 
ronmental mQieu with ecological and evolutionary processes 
operating at multiple spatial and temporal scales, microbiologists 
can make use and expand concepts that have been developed in 
macroecology. 

What is macroecology? The discipline of macroecology seeks to 
broaden the scope of ecology to much larger spatial and temporal 
scales by means of a comparative statistical methodology (Brown, 
1995; Maurer, 1999). Thus, it attains greater potential for gener- 
alization and synthesis but with a less detailed delineation of the 
phenomenon under study (Brown, 1995). Typically, macroecol- 
ogists explore patterns in the abundance of different species in a 
community (species abundance distributions); how the number of 
species (richness) varies with latitude, elevation and/or area, and 
the change in community similarity with spatial distance and/or 
environmental conditions (Brown, 1995; Maurer, 1999; Fierer, 
2008; Soininen, 2012). Overall, macroecology acknowledges that 
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FIGURE 1 I Conceptual summary of the main processes influencing 
community composition, structure, and diversity at different spatial 
scales. All ecological and evolutionary processes considered have been 
encapsulated in three perspectives: deterministic (i.e., the biotic and abiotic 
niche), stochastic, and historic. It can be argued that each one of the 
processes may have deterministic, stochastic, and historic components. 
For example, dispersal may be stochastic when rates depend solely on 
population size, deterministic when traits that affect arrival and 
establishment are considered, and also historic if the information of past 
events is available. Additionally, although the same process can operate at 
different scales, in this simplistic model as spatial scale increases historical 
processes tend to be more relevant, while at small local scale stochasticity 
can play an important role. As follows, speciation often requires geographic 
barriers, diverse niches and/or large population sizes to take place. On the 
contrary, the stochastic change in the abundance of organisms (drift) that 
can eventually result in extinction is more important at small population 
sizes. The demarcation of discrete spatial scales is arbitrary and will be 
dependent on the study system in question. 



no single mechanism explains trends across all scales, and that 
the scale of observation influences the patterns observed (Levin, 
1992). Thus, one way to confront complexity is to adopt a more 
holistic point of view to circumvent the contingency of the specific 
organisms, communities, or ecosystems in question (Margalef, 
1963; Maurer, 1999; Sole and Bascompte, 2006). 

In their book The Microbe's Contribution to Biology, based on 
a series of lectures given at Harvard University in 1954, Kluyver 
and van Niel (1956) demonstrated how microbiology could con- 
tribute to general biology. Unfortunately, the contributions of 
microbial ecologists to macroecology have been limited over the 
past 50 years, even though microbial communities could be 
considered to be ideally suited to research in macroecology as 
microbial data is essentially collected at a macroecological scale. 
First, microbial communities could expand the number of species 
and individuals included in macroecological datasets of plant 
and animal communities by several orders of magnitude (Whit- 
man etal., 1998; Curtis etal., 2006). Second, large and relatively 
standardized datasets describing the phylogenetic and functional 
composition of microbial communities from a wide range of habi- 
tats have become publicly available to be explored and analyzed 
(Lozupone and Knight, 2007; Auguet etal., 2010). Finally, and 
perhaps most importantly, microbial systems allow experimental 
tests of macroecological hypotheses that would be very difficult to 
test with larger organisms (Jessup etal., 2004). 

Here, we review two biological idiosyncrasies of microor- 
ganisms that are fundamental to understanding macroecological 
patterns and their mechanistic underpinnings in natural environ- 
ments (we explicitly do not include any discussion on pathogenic 
microorganisms as they are more relevant to population ecol- 
ogy than to community ecology). First, as many microbes are 
likely capable of rapid, long-distance dispersal (Bovallius etal., 
1978; Miiller etal, 2013), this capacity for dispersal will likely 
influence the relative importance of niche, stochastic, and histor- 
ical processes in shaping the structure of microbial communities. 
Second, rapid microbial evolution potentially leads to the con- 
vergence of ecological and evolutionary scales. After reviewing 
both microbial idiosyncrasies (acknowledging that these charac- 
teristics are also shared with some larger organisms and that not 
all microbes possess these shared characteristics) we show how 
microbes can be used to advance general concepts in macroecol- 
ogy. As examples of how this can be done, we discuss phylogenetic 
ecology as an integrative tool to explore patterns across the tree 
of life, and we demonstrate how the minimally sufficient rules 
of stochastic geometry (McGill, 2010) and the conceptual for- 
mulation of neutral theory (Hubbell, 2001) can be adapted to 
microorganisms. 

MICROBIAL IDIOSYNCRASIES AND MACROECOLOGY 
HIGH DISPERSIBILITY AND THE RELATIVE IMPORTANCE OF NICHE, 
STOCHASTIC, AND HISTORICAL PROCESSES IN STRUCTURING 
BIOLOGICAL COMMUNITIES 

There are three basic perspectives on the dominant factors that 
influence the patterns of community diversity and composition 
(Figure 1). First, the classical deterministic niche-based perspec- 
tive is based on the assumption that phenotypic attributes of 
species influence their interactions with other species and with the 



environment in predictable ways (Hutchinson, 1957). In contrast, 
the second perspective postulates that community assembly is 
largely based on stochastic processes. The recognition that chance 
can structure communities dates back to Grinnell (1922). He 
argued that finding rare species represented by a single individual 
can often be a result of fortuitous dispersal. The idea of stochas- 
ticity played a central role in the theory of island biogeography 
(MacArthur and Wilson, 1967), and gained new prominence with 
the unified neutral theory of biodiversity (Hubbell, 2001). Finally, 
the third perspective emphasizes the role of historical factors 
(notably, past speciation and former dispersal at the regional scale) 
over local processes in the assembly of communities (Ricklefs, 
1987). 

Microbial ecologists have relied almost exclusively on envi- 
ronmental explanations (i.e., niche-based perspective) to explain 
microbial community dynamics across time and space under the 
implicit assumption that everything is everywhere: but the envi- 
ronment selects (Baas Becking, 1934). This tenet does not mean 
that there are no biogeographical patterns, but rather it highlights 
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that, due to high rates of microbial dispersal and large population 
sizes, geographic distance between habitats is usually thought to 
be irrelevant to community assembly. Disentangling the relative 
influence of niche, stochastic, and historical processes is one of 
the main tasks of community ecologists (Figure 1) and invariably 
all of these processes will influence communities with the relative 
importance of these processes varying depending on the spatial 
and temporal scale in question. However, local factors are in gen- 
eral more straightforward to measure, and historical events, such 
as past dispersal barriers or past environmental conditions, can 
only be detected in the context of spatial effects as usually there are 
no temporal records (Lindstrom and Langenheder, 2012). Com- 
munities of highly dispersive organisms like microbes have been 
shown to be less likely to exhibit signatures of spatial proximity and 
more likely to manifest the effects of the local environment in their 
community similarity patterns (Beisner et al., 2006; Lozupone and 
Knight, 2007; Auguet et al., 2010). However, there is also some evi- 
dence to suggest that microorganisms unique to rare or extreme 
habitats (like those found in hotsprings) can experience impor- 
tant dispersal barriers (Whitaker, 2006). Overall, we might expect 
microbes to show a wide range of patterns from true cosmopoli- 
tanism to endemism depending on the habitat and the spatial or 
taxonomic scales explored. 

Although microbes likely have a relatively high capacity for 
dispersal (Bovallius etal., 1978; Miiller etal., 2013), successful 
colonization requires both arrival and establishment. Asexual 
microorganisms tend to be excellent colonizers because of their 
dispersal capabilities and because even a single individual can 
potentially form a new local population (Brown, 1995). Dor- 
mancy (i.e., a reversible state of low metabolic activity) is also 
common in many microbial habitats, including soil, where it has 
been estimated that 80% of all microbial cells may be dormant at 
a given point in time (Lennon and Jones, 2011). Dormancy not 
only reduces some of the physiological limitations to dispersal, it 
also allows microbial taxa to persist when exposed to temporal 
variability in environmental conditions. Even a low dispersal rate 
combined with the capacity to remain viable during adverse con- 
ditions (via sporulation) might be enough to overcome dispersal 
limitation (De Meester, 2011). Thus, both dispersal and dormancy 
should reduce the risk of local extinction, and should increase 
the probability of successful colonization by avoiding mortality 
(Lennon and Jones, 2011). This concept is analogous to the seed 
bank in plant communities - a reservoir of genetic diversity that 
is capable of responding to environmental change, contributing 
to the diversity and dynamics of future generations (Lennon and 
Jones, 20 11). The potentially high rates of dispersal and dormancy 
may partially account for the observation that many microbial 
communities have rank abundance curves with extremely long 
tails. However, there is some ongoing debate on the extent to 
which the large numbers of rare taxa reported from many com- 
munities may be a product of sequencing errors and/or heuristic 
processing algorithms (Kunin etal., 2010). 

High speciation and the interplay between evolutionary and 
ecological scales 

Microbial evolution can occur far more rapidly than the evolu- 
tion of plants and animals, potentially leading to convergence of 



ecological and evolutionary time scales (Sniegowski etal., 1997; 
Denef and Banfield, 2012). It has been proposed that the large 
number of microbial species found in most environments is due 
to low extinction and high speciation rates (Dykhuizen, 1998). 
Although it is uncertain how evolution works in complex com- 
munities compared to laboratory cultures, it has been shown that 
rapid adaptation can actually occur in natural communities over 
a few decades (Denef and Banfield, 2012). However many barri- 
ers exists to minimize the horizontal exchange of genetic material 
(Thomas and Nielsen, 2005), it could be argued that horizon- 
tal gene transfer in diverse natural assemblages may act both as 
a diversifying (increasing the functional plasticity of the over- 
all community) but also as a homogenizing force (leading to 
functional convergence among different species; Rossello-Mora 
and Amann, 2001). The genetically isolated lineage, often con- 
ceived as the fundamental unit of evolution, may have no real 
analog in the asexual world (Rossello-Mora and Amann, 2001), 
and hence most of life and its history cannot be simply con- 
ceived as an intelligible tree-like pattern (Maynard Smith etal., 
1993). For this reason, definitions of what constitutes a bacterial 
species based on percentage DNA sequence similarity (a com- 
monly used approach) could be considered somewhat arbitrary 
(Rossello-Mora and Amann, 2001). As an alternative to the bio- 
logical species concept for asexual microorganisms, the ecological 
species concept defines a species as a set of individuals showing 
genetic cohesion with shared ecological properties (Cohan and 
Koeppel, 2008). 

Community assembly operates on both ecological and evolu- 
tionary time scales, resulting in contributions from both recent 
and historical elements. Accordingly, it is difficult to link short- 
term local processes to global processes that occur over evolution- 
ary time scales and to know at which taxonomic scales these effects 
become evident. At local geographic scales with no dispersal lim- 
itation, environmental heterogeneity, and extinction are expected 
to be the major drivers of assembly, while across larger scales the 
effects of dispersal limitation and speciation become more rel- 
evant (Figure 1, and see a review focused on microorganisms 
in Whitaker, 2006). A key question that remains undetermined 
is when (or at which scales) does colonization or in situ evolu- 
tion predominate in the assembly process (Cavender-Bares etal., 
2009) because available ecological space is filled either by adap- 
tation of early occupants or by foreign colonization, depending 
on which occurs first. The observation that many ecologically 
relevant and biochemically complex traits are phylogeneticaUy 
conserved (Martiny etal, 2013) seems to support the idea that 
it is often more feasible for microbial taxa to move than to evolve 
(Cavender-Bares etal, 2009). That is, some traits that are more 
similar within clades than among clades might have evolved prior 
to the current habitat and later arrived by migration of the organ- 
isms possessing those traits. For example, a conserved trait like 
oxygenic photosynthesis has not evolved independently in each 
habitat; phototrophic microorganisms dispersed and successfully 
colonized new habitats (Blankenship, 1992). Microbes that have 
short generation times and are capable of going dormant may 
have a strong numerical advantage as first colonizers (i.e., prior- 
ity effects and monopolization; Fukami etal., 2007). Accordingly, 
serial colonization may yield a pattern of isolation by distance that 
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is not driven by geographic distance per se, but driven by histori- 
cal colonization events (De Meester, 2011). Regretfully, the fossil 
record, which is the richest source of information on the historical 
events behind extant communities, is mostly absent for Bacteria 
and Archaea (but see Schopf and Packer, 1987) and researchers 
must use extant sequence data for historical reconstructions (e.g., 
Linz etal, 2007). 

TOWARD A MACROECOLOGY THAT EXTENDS ACROSS THE 
TREE OF LIFE 

SPECIES ARE NOT INDEPENDENT 

Bacterial and archaeal lineages are separated by many millions of 
years of evolutionary time. For instance, the domain Bacteria is 
estimated to be approximately 3.5 billion years old (Schopf and 
Packer, 1987), more than thirty times older than the ancestor of all 
birds (Padian and Chiappe, 1998). Thus, the amount of evolution- 
ary diversification that has occurred within the bacterial domain 
will far exceed what is found within groups of plant or animal taxa. 
This diversification is evident in the astonishing metabolic diver- 
sity of bacteria; while nearly all plants have similar requirements 
for growth, the range of metabolic strategies employed by bacteria 
is far broader (Kluyver and van Niel, 1956). 

Species are not independent entities, but their functional and 
ecological similarities are shaped by patterns of common ancestry 
(Felsenstein, 1985). In a hypothetical world in which evolution 
was rapid, and in which any lineage was unconstrained by dis- 
persal limitations, communities in similar environments would 
also be similar. However, evolution is often constrained and 
lineages tend to be restricted in their geographic distribution 
(Losos, 1996). In order to account for the non-independence 
of species, a set of phylogenetic tools has recently been devel- 
oped that aim to bridge the gap between evolutionary and 
ecological analyses (see a recent review in Cavender-Bares etal., 
2009). Thus, ecologists can use such phylogenetic methods to 
determine: (i) where most of the biological diversity accumu- 
lates (Faith, 1992) and how it is intrinsically structured (Webb, 
2000), and (ii) how phylogenetic community similarity is dis- 
tributed along environmental gradients (Lozupone and Knight, 
2005). For example, it has been shown for both bacteria and 
archaea that soil, even with high taxonomic diversity, tends 
to be less phylogeneticaUy diverse than other habitats such as 
marine sediments and that salinity is the main driver of phylo- 
genetic community patterns at the global scale (Lozupone and 
Knight, 2007; Auguet etal., 2010). Thus, incorporating phyloge- 
netic information into macroecology is useful because it allows 
ecological questions to be addressed in an evolutionary context, 
the common set of processes that ultimately shapes all biological 
diversity. 

A MAJOR MACROECOLOGICAL TRANSITION IN STOCHASTIC 
GEOMETRY? 

It is still uncertain whether bacterial and archaeal cells exhibit dis- 
tinct macroecological patterns from those commonly observed for 
multicellular eukaryotes which have been the focus of nearly all 
macroecological research. In general, similar patterns have been 
documented for bacterial, archaeal, and eukaryotic organisms 
(Soininen, 2012). Nevertheless, some important differences have 



been reported for microbial communities: species abundance dis- 
tributions tend to have more rare taxa (i.e., longer tails, as noted 
above; Curtis etal., 2006), species-area relationships have lower 
slopes (z-values; Horner-Devine etal, 2004; Lennon and Jones, 
2011), and the decrease in community similarity with spatial dis- 
tance is lower (Hanson et al, 2012; Soininen, 2012). Additionally, 
a number of classic ecological patterns show conspicuous differ- 
ences: latitudinal richness gradients do not appear to exist in either 
marine or soil environments (Ladau etal., 2013), and elevational 
richness gradients are infrequently observed for microorganisms 
(Fierer etal., 2011). Often, similar patterns emerge when similar 
mechanisms operate, while different patterns can be due to distinct 
mechanisms or to the same mechanisms operating at different 
spatial, temporal, or taxonomic scales (Levin, 1992). For example, 
although a general increase in metabolic rate with body mass has 
consistently been observed across the tree of life, this relationship 
has been hypothesized to be a function of genome size in prokary- 
otes and a function of body size in plants and animals; a difference 
that could contribute to the distinct scaling relationships observed 
for these groups of organisms (DeLong etal., 2010). 

Recently, McGill (2010) showed that most predictions about 
macroecological patterns can be generated by three simple rules 
regarding the random placement of organisms in space (i.e., 
stochastic geometry): (i) individuals within a species tend to 
be spatially clustered, (ii) abundance between species varies 
(many species are rare and a few are common), and (iii) the 
spatial distributions of individuals from one species are inde- 
pendent from the distributions of other species (i.e., species 
interactions are non-existent). Although the first two assump- 
tions appear more reasonable than the third, interspecific spatial 
independence may indeed be a good statistical approximation in 
species-rich communities (Wiegand etal, 2012). Figure 2 shows 
simulation results from the stochastic geometry model (McGill, 
2010) as applied to macroorganisms and microorganisms. All 
else being equal, the tendency of microbes to have greater dis- 
persal capabilities compared to macroorganisms (represented as 
larger spatial distributions in Figure 2 bottom left) is sufficient 
to reproduce the abovementioned differences reported for the 
shape of the species abundance distribution, species-area relation- 
ship and the decrease of community similarity with distance (see 
Figure 2 for details). This simple modeling exercise demonstrates 
that incorporating the aforementioned microbial idiosyncrasies 
(in this case, high dispersibility) to existing macroecological 
models can generate some of the differences in community 
patterns between micro and macroorganisms observed in the 
environment. 

A CONCEPTUAL NEUTRAL MODEL FOR MICROORGANISMS 

The neutral theory of biodiversity considers communities as open, 
non-equilibrial assemblages of ecologically equivalent species, 
with the abundances of individual taxa within communities largely 
governed by random speciation and extinction events, dispersal 
and ecological drift (Hubbell, 2001). The publication of Hubbell's 
book was controversial among ecologists due to many of the 
assumptions being considered unrealistic or at least inconsistent 
with what is known about the natural history of many organ- 
isms (Alonso etal., 2006). The most criticized aspect of Hubbell's 
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FIGURE 2 I Model simulation results of the stochastic geometry theory 
(McGill, 2010) as applied to either macroorganisms (top left) or 
microorganisms (bottom left). Tine only difference between both 
simulations is the "dispersal" parameter (i.e., larger spread of the spatial 
distributions for microbial species). For simplicity, the number of species 
(represented as different colors) has been set to fifteen for both 
macroorganisms and microorganisms. Axes represent the two spatial 
dimensions, while color intensity indicates relative abundance. As explained 
in McGill (2010), species abundance distributions (top right) are generated 
by sampling at one point in the spatial grid, species-area relationships (mid 
right) are created by sampling increasingly large areas, while the decrease 
of community similarity with spatial distance (bottom right) is derived by 



sampling areas of the same size at different distances. The tendency of 
microorganisms to be better dispersers (larger spatial distributions) is 
sufficient to reproduce the observed qualitative differences of 
macroecological patterns between macroorganisms and microorganisms. 
For microbes, the key differences observed for microorganisms versus 
macroorganisms include: richer species abundance distributions with longer 
tails of rare taxa (Curtis etal., 2006), species-area relationships with a 
higher total number of species and with lower slopes (Lennon and Jones, 
2011), and a more moderate decay of community similarity with distance 
(Soininen, 2012). That is, microbial communities would tend to have a higher 
number of species (richness, or alpha-diversity) but lower turnover 
(beta-diversity). 
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FIGURE 3 I A schematic representation of two neutral models: 
Hubbell's original two-level spatially implicit model (Hubbell, 2001) for 
macroorganisms (above), and a suggested model for microorganisms 
(below). Both models are based on the same mechanistic processes 
operating at different scales. The main differences are that, in the neutral 
model for microorganisms, global scale dynamics become more important 
with the incorporation of long-distance dispersal to the global pool due to 
high dispersibility, and high speciation introduced by placing this process at 
the local scale. As in Figure 1, the demarcation of discrete spatial scales is 
arbitrary. 



theory was the assumption of neutrahty. In Hubbell's model, 
all individuals of different species in a community are strictly 
equivalent in their probability of reproduction and death. In his 
neutral framework, the known and evident differences between 
species are irrelevant for the prediction of large-scale patterns. 
Surprisingly, neutral theory predicts observed species abundance 
distributions, species-area relationships, and community similar- 
ity patterns with distance (Hubbell, 2001). Communities may 
seem neutral because they are complex (i.e., equivalence may 
occur from non-neutral processes by statistical averaging; Pueyo 
etal., 2007) with patterns emerging from a statistical process 
of intricate causalities (Maurer, 1999). Thus, the neutral the- 
ory resembles the kinetic theory of gases: it is an ideal theory 
(i.e., neither ideal gases nor pure neutral communities exist) 
that does not necessarily encapsulate the messy details of reality 
(Alonso etal., 2006). 

As originally formulated by Hubbell, neutral theory might seem 
unsatisfactory to a microbial ecologist (though neutral models 
have already been applied to microbial communities; Sloan et al., 
2006) due to the idiosyncrasies of microbial communities (i.e., 
high dispersibility and high speciation; see above). Here, we pro- 
pose that a unified neutral theory composed of two models is 
required in order to cover the full extent of biological diver- 
sity found in both macrobial and microbial communities (see 
Figure 3 for a conceptual summary). How do we integrate the 
seemingly high capacity for bacterial and archaeal dispersal into 
models of community dynamics? In the modified conceptual 
model for microbial communities (Figure 3), the regional scale 
is often neglected due to high microbial dispersibility, and the 
global scale gains preponderance. In Hubbell's neutral model for- 
mulation for macroorganisms (Hubbell, 2001), local and regional 
scales are connected through unidirectional migration (i.e., col- 
onization from the regional pool to the local community). In 
contrast, in the microbial model, organisms are allowed to dis- 
perse long-distances and thus, be part of the global pool (that 
is, the rare biosphere or seed bank; Lennon and Jones, 2011) 
as a result of high dispersibility and dormancy. Hence, individ- 
uals may exit local communities through mortality fueling local 
extinction, or by long-distance dispersal forming part of the global 
pool. As not all microbial taxa have identical capacities for disper- 
sal and dormancy, regional pools still might exist but at smaller 
spatial scales. How might we integrate the potentially high rates 
of microbial speciation into community models? In the concep- 
tual model for microorganisms, speciation takes place at the local 
scale rather than at the regional scale (Figure 3). In addition, the 
problematic species concept for asexual microorganisms may sug- 
gest treating speciation as a continuous process rather than as a 
discrete process (Rossello-Mora and Amann, 2001). In Hubbell's 
formulation, each individual has a fixed probability to speciate 
(i.e., point mutation speciation; Hubbell, 2001). To resolve this 
unrealistic scenario, RosindeU etal. (2010) developed a model 
of protracted speciation. This speciation process is not instan- 
taneous, as in Hubbell's original formulation, but gradual (i.e., 
it takes time for an incipient species to be recognized as new). 
Protracted speciation has been able to make realistic predictions 
about the number of rare species, species lifetimes, and specia- 
tion rates (RosindeU et al., 2010) and it may be particularly useful 



when trying to incorporate microbial speciation into community 
models. 

Contrary to neutral theory, niche theory states that every 
species possesses a unique set of traits that permits adaptation to 
abiotic and biotic environmental conditions (Hutchinson, 1957). 
Measuring traits is essential to differentiate between the different 
ecological and evolutionary processes given that species largely 
interact within communities based on their traits, and traits tend to 
reflect the evolutionary history of species. Trait-based approaches 
will allow us to assess how and why natural communities depart 
from the predictions based on neutral models that do not consider 
the mechanisms by which organisms interact with each other and 
their environment (Shipley etal., 2006). 

CONCLUSION 

More than fifty years ago Kluyver and van Niel (1956) demon- 
strated the contribution of microorganisms to genetics and 
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biochemistry, and discussed the metabolic characteristics that 
unite all organisms. As the authors responded to the question 
"What has microbiology offered to general biology?," one subse- 
quent reasonable question may be: "What can microbial ecology 
offer to macroecology?" Even though ecologists are incorporating 
microbes in their research, there is still a significant lag especially 
in the conceptual and theoretical development. 

Understanding the complex and hierarchical structure of bio- 
diversity (the Baroque of Nature as expressed by the ecologist 
Ramon Margalef; Margalef, 1997) is one of the most challeng- 
ing tasks of modern science (Sole and Bascompte, 2006). Over the 
past decade microbial ecologists have generated abundant molec- 
ular data from environmental surveys, and now we are able to 
combine bioinformatics and statistical tools with critical testing 
of ecological theory in order to integrate microorganisms into the 
general field of ecology. Ecologists can no longer ignore microbial 
communities in the development of ecological theory now that 
we have the tools available to interrogate this long hidden face of 
diversity. 

Here, we encourage microbial ecologists to move beyond 
Baas Becking's tenet, everything is everywhere: but the envi- 
ronment selects (Baas Becking, 1934), toward testable theories 
built upon evolutionary and ecological mechanisms that extend 
across the tree of life. Incorporating the microbial idiosyncrasies 
into the conceptual frameworks of macroecology would help 
to assess the importance of different processes in community 
assembly and the interplay between ecological and evolution- 
ary time scales. Together, such conceptual approaches would 
contribute to the unification of microbial ecology and general 
ecology. 

ACKNOWLEDGMENTS 

We thank David Alonso, Rampal S. Etienne, Caroline M. Tucker, 
and Elise S. Gornish for helpful discussions. Albert Barberan 
is supported by a James S. McDonnell (JSMF) Postdoctoral 
Fellowship. 

REFERENCES 

Alonso, D., Etienne, R., and McKane, A. (2006). The merits of neutral theory. Trends 

Ecol. Evol. 21, 451-457. doi: 10.1016/j.tree.2006.03.019 
Auguet, J. C, Barberan, A., and Casamayor, E. O. (2010). Global ecological patterns 

in uncultured Archaea. ISME }. 4, 182-190. doi: 10.1038/ismej.2009.109 
Baas Becking, L. (1934). Geobiologie of Inleiding tot de Milieukunde. The Hague: Van 

Stockum and Zoon. 

Beisner, B., Peres-Neto, P., Lindstrom, E., Barnett, A., and Longhi, M. (2006). 

The role of environmental and spatial processes in structuring lake com- 
munities from bacteria to fish. Ecology 87, 2985-2991. doi: 10.1890/0012- 

9658(2006)87[2985:TROEAS]2.0.CO;2 
Blankenship, R. E. (1992). Origin and early evolution of photosynthesis. Photosynth. 

Res. 33, 9 1-1 1 1 . doi: 1 0. 1007/BF00039 1 73 
Bovallius, A., Bucht, B., Roffey, R., and Anas, P. (1978). Long-range air transmission 

of bacteria. Appl. Environ. Microbiol. 35, 1231-1232. 
Brown, J. H. (1995). Macroecology. Chicago: University of Chicago Press. 
Cavender-Bares, J., Kozak, K. H., Fine, P. V., and Kembel, S. W. (2009). The merging 

of community ecology and phylogenetic biology. Ecol. Lett. 12, 693-715. doi: 

10.1111/j.l461-0248.2009.01314.x 
Cohan, E, and Koeppel,A. (2008). The origins of ecological diversity inprokaryotes. 

Curr.Biol. 18, R1024-R1034. doi: 10.1016/j.cub.2008.09.014 
Curtis, T, Head, I., Lunn, M., Woodcock, S., Schloss, R, and Sloan, W. (2006). What 

is the extent of prokaryotic diversity? Philos. Trans. R. Soc. Lond. B Biol. Sci. 361, 

2023-2037. doi: 10.1098/rstb.2006.1921 



DeLong, J. P, Okie, J. G., Moses, M. E., Sibly, R. M., and Brown, J. H. (2010). 
Shifts in metabolic scaling, production, and efficiency across major evolution- 
ary transitions of hfe. Proc. Natl. Acad. Sci. U.S.A. 107, 12941-12945. doi: 
10.1073/pnas.l007783107 

De Meester, L. (2011). "A metacommunity perspective on the phylo- and biogegra- 
phy of small organisms," in Biogeography of Microscopic Organisms: Is Everything 
Small Everywhere? ed. D. Fontaneto (Cambridge: Cambridge University Press), 
324-334. doi: 10.1017/CBO9780511974878.017 

Denef, V. J., and Banfield, J. F. (2012). In situ evolutionary rate measurements show 
ecological success of recently emerged bacterial hybrids. Science 336, 462-466. 
doi: 10.1126/science.l218389 

Dykhuizen, D. (1998). Santa Rosalia revisited: why are there so many species of 
bacteria? Antonie Van Leeuwenhoek 73, 25-33. doi: 10.1023/A:1000665216662 

Faith, D. (1992). Conservation evaluation and phylogenetic diversity. Biol. Conserv. 
61, 1-10. doi: 10.1016/0006-3207(92)91201-3 

Felsenstein, J. (1985). Phylogenies and the comparative method. Am. Nat. 125, 1-15. 
doi: 10.1086/284325 

Fierer, N. (2008). "Microbial biogeography: patterns in microbial diversity across 
space and time," in Accessing Uncultivated Microorganisms: From the Environment 
to Organisms and Genomes and Back, ed. K. Zengler (Washington, DC: ASM 
Press), 95-115. 

Fierer, N., McCain, C. M., Meir, P., Zimmermann, M., Rapp, J. M., Sil- 
man, M. R., etal. (2011). Microbes do not follow the elevational diver- 
sity patterns of plants and animals. Ecology 92, 797-804. doi: 10.1890/10- 
1170.1 

Fukami, T, Beaumont, H. J. E., Zhang, X., and Rainey, P. B. (2007). Immigration 
history controls diversification in experimental adaptive radiation. Nature 4i4i6, 
436-439. doi: 10.1038/nature05629 

Grinnell, J. (1922). The role of the "accidental." Auk 39, 373-380. doi: 
10.2307/4073434 

Handelsman, J. (2004). Metagenomics: application of genomics to uncul- 
tured microorganisms. Microbiol. Mol. Biol. Rev. 68, 669-685. doi: 
10. 1 128/MMBR.68.4.669-685.2004 

Hanson, C. A., Fuhrman, J. A., Horner-Devine, M. C, and Martiny, J. B. H. (2012). 
Beyond biogeographic patterns: processes shaping the microbial landscape. Nat. 
Rev Microbiol. 10, 197-506. doi: 10.1038/nrmicro2795 

Horner-Devine, M. C, Lage, M., Hughes, J. B., and Boliannan, B. J. M. 
(2004). A taxa-area relationship for bacteria. Nature 432, 750-753. doi: 
10.1038/nature03073 

Hubbell, S. P. (2001). The Unified Neutral Theory of Biodiversity and Biogeography. 
Princeton: Princeton University Press. 

Hutchinson, G. E. (1957). Concluding remarks. Cold Spring Harb. Symp. Quant. 
Biol. 22,415^27. doi: IO.IIOI/SQB.1957.022.01.039 

Jessup, C, Kassen, R., Forde, S., Kerr, B., Buckling, A., Rainey, P., etal. (2004). Big 
questions, small worlds: microbial model systems in ecology. Trends Ecol. Evol. 
19, 189-197. doi: 10.1016/j.tree.2004.01.008 

Kluyver, A., and van Niel, C. (1956). The Microbe's Contribution to Biology. 
Cambridge: Harvard University Press, doi: 10.4159/harvard.9780674188693 

Kunin, V., Engelbrektson, A., Ochman, H., and Hugenholtz, P. (2010). Wrin- 
kles in the rare biosphere: pyrosequencing errors can lead to artificial inflation 
of diversity estimates. Environ. Microbiol 12, 118-123. doi: 10.1111/j.l462- 
2920.2009.02051.x 

Ladau, J., Sharpton, T. J., Finucane, M. M., Jospin, G., Kembel, S. W., O'Dwyer, J., 
etal. (2013). Global marine bacterial diversity peaks at high latitudes in winter. 
ISME J. 7, 1669-1677. doi: 10.1038/ismej.2013.37 

Lennon, J., and Jones, S. (2011). Microbial seed banks: the ecological and evo- 
lutionary implications of dormancy. Nat. Rev. Microbiol. 9, 119-130. doi: 
10.1038/nrmicro2504 

Levin, S. (1992). The problem of pattern and scale in ecology. Ecology 73, 1943-1967. 
doi: 10.2307/1941447 

Lindstrom, E., and Langenheder, S. (2012). Local and regional factors influ- 
encing bacterial community assembly. Environ. Microbiol. Rep. 4, 1-9. doi: 
10. 1 1 1 1/j. 1758-2229.201 1 .00257.x 

Linz, B., Balloux, R, Moodley, Y., Manica, A., Liu, H., Roumagnac, P., etal. (2007). 
An African origin for the intimate association between humans and Helicobacter 
pylori. Nature 445, 915-918. doi: 10.1038/nature05562 

Losos, J. (1996). Phylogenetic perspectives on community ecology. Ecology 77, 1344- 
1354. doi: 10.2307/2265532 



w w w.f ro n t i e rs i n . o rg 



May 2014 | Volume 5 | Article 203 | 7 



Barberan eta 



Microbial niacroecology 



Lozupone, C, and Knight, R. (2005). UniFrac: a new phylogenetic method for 

comparing microbial communities. Appl. Environ. Microbiol. 71, 8228-8235. doi: 

10.1 128/AEM.71. 12.8228-8235.2005 
Lozupone, C. A., and Knight, R. (2007). Global patterns in bacterial diversity. Proc. 

Natl Acad. Sci. U.S.A. 104, 11436-11440. doi: 10.1073/pnas.0611525104 
MacArthur, R. H., and Wilson, E. O. (1967). The Theory of Island Biogeography. 

Princeton: Princeton University Press. 
Margalef, R. (1963). On certain unifyingprinciples in ecology. Am. Nat. 97,357—374. 

doi: 10.1086/282286 

Margalef, R. (1997). Our biosphere, vol. 10 of Excellence in Ecology Series. Ecology 
Institute Oldendorf/Luhe, Germany. 

Martiny, A. C., Treseder, K., and Pusch, G. (2013). Phylogenetic conser- 
vatism of functional traits in microorganisms. ISME J. 7, 830-838 doi: 
10.1038/ismej.2012.160 

Martiny, J., Bohannan, B., Brown, J., Colwell, R., Fuhrman, J., Green, J., etal. 

(2006) . Microbial biogeography: putting microorganisms on the map. Nat. Rev. 
Microbiol. 4, 102-112. doi: 10.1038/nrmicrol341 

Maurer,B.A. (1999). Untangling Ecological Complexity: The Macroscopic Perspective. 

Chicago: University of Chicago Press. 
Maynard Smith, J., Smith, N., O'Rourke, M., and Spratt, B. (1993). How 

clonal are bacteria? Proc. Natl. Acad. Sci. U.S.A. 90, 4384-^388. doi: 

10.1073/pnas.90.10.4384 
McGill, B. (2010). Towards a unification of unified theories of biodiversity. Ecol 

Lett. 13, 627-642. doi: 10.1111/j.l461-0248.2010.01449.x 
Mtiller, A. L., de Rezende, J. R., Hubert, C. R. )., Kjeldsen, K. U., Lagkouvardos, 1., 

Berry, D., et al. (2013). Endospores of thermophilic bacteria as tracers of microbial 

dispersal by ocean currents. ISME J. doi: 10.138/ismej.2013.225 [Epub ahead of 

print] . 

O'MaUey, M., and Dupre, ). (2007). Size doesn't matter: towards a more inclusive 
philosophy of biology. Biol. Philos. 11, 155-191. doi: 10.1007/sl0539-006-9031-0 

Radian, K., and Chiappe, L. (1998). The origin and early evolution of birds. Biol. 
Rev 73, 1-42. doi: 10.1017/S0006323197005100 

Prosser, J., Bohannan, B., Curtis, T, Ellis, R., Firestone, M., Freckleton, R., etal. 

(2007) . The role of ecological theory in microbial ecology. Nat. Rev. Microbiol. 5, 
384-392. doi: 10.1038/nrmicrol643 

Pueyo, S., He, F., and ZiUio, T. (2007). The maximum entropy formalism and the 
idiosyncratic theory of biodiversity. Ecol. Lett. 10, 1017-1028. doi: 10.1111/j.l461- 
0248.2007.01096.x 

Ricklefs, R. E. (1987). Community diversity: relative roles of local and regional 

processes. Science 235, 167-171. doi: 10.1126/science.235.4785.167 
Rosindell, J., Cornell, S. ]., Hubbell, S. R, and Etienne, R. S. (2010). Protracted 

speciation revitalizes the neutral theory of biodiversity. Ecol. Lett. 13, 716—727. 

doi: 10.1111/j.l461-0248.2010.01463.x 
Rossello-Mora, R., and Amann, R. (2001). The species concept for prokaryotes. 

FEMS Microbiol. Ecol. 25, 39-67. doi: 10.1016/50168-6445(00)00040-1 



Schopf, J., and Packer, B. (1987). Early Archean (3.3-biIIion to 3.5-billion-year- 
old) microfossils fi-om Warrawoona Group, Australia. Science lyj, 70-73. doi: 
10.1126/science.ll539686 

Shipley, B., Vile, D., and Garnier, E. (2006). From plant traits to plant communi- 
ties: a statistical mechanistic approach to biodiversity. Science 314, 812-814. doi: 
10.1126/science.ll31344 

Sloan, W., Lunn, M., Woodcock, S., Head, 1., Nee, S., and Curtis, T. (2006). 
Quantifying the roles of immigration and chance in shaping prokaryote com- 
munity structure. Environ. Microbiol. 8, 732-740. doi: lO.Ull/j. 1462-2920. 2005. 
00956.x 

Sniegowski, P., Gerrish, P., and Lenski, R. (1997). Evolution of high mutation rates 
in experimental populations of E. coli. Nature 387, 703-705. doi: 10.1038/42701 

Sole, R. v., and Bascompte, J. (2006). Self-Organization in Complex Ecosystems. 
Princeton: Princeton University Press. 

Soininen, J. (20 12) . Macroecology of imicellular organisms - patterns and processes. 
Environ. Microbiol. Rep. 4, 10-22. doi: 10.1111/i.l758-2229.2011.00308.x 

Thomas, C. M., and Nielsen, K. M. (2005). Mechanisms of, and barriers to, hor- 
izontal gene transfer between bacteria. Nat. Rev. Microbiol. 3, 711-721. doi: 
10.1038/nrmicrol234 

Webb, C. (2000). Exploring the phylogenetic structure of ecological communities: 
an example for rain forest trees. Am. Nat 156, 145-155. doi: 10.1086/303378 

Whitaker, R. ). (2006). Allopatric origins of microbial species. Philos. Trans. R. Soc. 
Lend. B Biol. Sci. 361, 1975-1984. doi: 10.1098/rstb.2006.1927 

Whitman,W., Coleman, D., and Wiebe,W. (1998). Prokaryotes: the unseen majority. 
Proc. Natl. Acad. Sci. U.S.A. 95,6578-6583. doi: 10.1073/pnas.95.12.6578 

Wiegand, T, Huth, A., Getzin, S., Wang, X., Hao, Z., Savitri Gunatilleke, C. V., 
etal. (2012). Testing the independent species' arrangement assertion made by 
theories of stochastic geometry of biodiversity. Proc. Biol. Sci. 279, 3312-3320. 
doi: 10.1098/rspb.2012.0376 

Conflict of Interest Statement: The authors declare that the research was conducted 
in the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest. 

Received: 05 March 2014; accepted: 16 April 2014; published online: 05 May 2014. 
Citation: Barberan A, Casamayor EO and Fierer N (2014) The microbial contribution 
to macroecology. Front. Microbiol. 5:203. doi: 10.3389/fmicb.2014.00203 
This article was submitted to Evolutionary and Genomic Microbiology, a section of the 
journal Frontiers in Microbiology. 

Copyright © 2014 Barberan, Casamayor and Fierer. This is an open-access article 
distributed under the terms of the Creative Commons Attribution License (CC BY). 
The use, distribution or reproduction in other forums is permitted, provided the original 
author( s)or licensor are credited and that the original publication in this journal is cited, 
in accordance with accepted academic practice. No use, distribution or reproduction is 
permitted which does not comply with these terms. 



Frontiers in IVIicrobiology | Evolutionary and Genomic IVIicrobiology 



May 2014 | Volume 5 | Article 203 | 8 



